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Abstract 

 
 Fuel cell electrical generators can use readily available natural gas, but only via the use of 

fuel processors that reform the hydrocarbons to hydrogen that most fuel cells can use.  The fuel 

processor adds considerable complication and expense to fuel cell generators, exacerbating the 

problem of bring costs down to competitive levels, especially for smaller-scale plants.  Until 

recently, it has not been thought possible to operate fuel cells directly on hydrocarbons.  The 

recent demonstration of low-temperature solid-oxide fuel cell (SOFC) operation directly on 

methane signaled an important new opportunity for making simple, cost-effective power plants.  

The main aim of the proposed project was to demonstrate the feasibility of operating SOFCs 

directly on natural gas, which had not previously been demonstrated.  The key problems were to 

verify that the higher hydrocarbons present in natural gas can be electrochemically oxidized and 

without carbon deposition at the fuel cell anode.  For this, it was necessary to explore alternate 

SOFC anode compositions.  Anode performance was characterized by chemical detection of 

carbon on the anodes, impedance spectroscopy, and fuel-cell current-voltage measurements.   

 This project showed the feasibility of natural-gas-fueled SOFCs.  The higher 

hydrocarbons present in natural gas did cause coking problems with Ni-Ceria anodes.  The 

originally proposed Ru-based composition did not provide good fuel cell performance, so it was 

not studied further.  However, we identified a new anode composition, a composite of Ceria and 

LaCrO3 with a small amount of Ni added, that provided good performance.   SOFCs with the 

new anodes yielded good performance with both natural gas and propane fuels. 

 

 



 
 

Executive Summary 
 

1. Introduction 
 

 This research project targeted the clean generation of electricity using natural-gas fuel 

cells.  A combination of factors - low noise, low emissions, compact size, and ability to utilize 

readily-available natural gas – make fuel cells a generally desirable generation method and 

allows fuel cell generators to be sited practically anywhere.  However, key technical and cost 

barriers must be overcome prior to commercialization. 

 Fuel cell generators can use natural gas via fuel processors that reform the hydrocarbons 

to hydrogen that most fuel cells can use.  However, the fuel processor adds considerable 

complication and expense to fuel cell generators, exacerbating the problem of bring costs down 

to competitive levels, especially for smaller-scale plants.  Until recently, it has not been thought 

possible to operate fue l cells directly on hydrocarbons.  The recent demonstration of low-

temperature solid-oxide fuel cell (SOFC) operation directly on methane signals an important new 

opportunity for making simple, cost-effective power plants.  Nonetheless, cell operation on 

pipeline natural gas, which also contains higher hydrocarbons, is considerably more difficult than 

pure methane.  

2. Project Objectives 
  

 In the proposed project, the feasibility of operating SOFCs directly on natural gas was 

tested.  The key problems were to verify that the higher hydrocarbons present in natural gas can 

be electrochemically oxidized and without carbon deposition at the fuel cell anode.  For this, it 

was necessary to explore alternate SOFC anode compositions.  Anode performance was 



 
 

characterized by chemical detection of carbon on the anodes, impedance spectroscopy, and fuel-

cell current-voltage measurements.   

3. Project Outcomes  
 

 This project showed the feasibility of natural-gas-fueled SOFCs.  The higher 

hydrocarbons present in natural gas did cause coking problems with Ni-Ceria anodes.  The 

originally proposed Ru-based composition did not provide good fuel cell performance, so it was 

not studied further.  However, we identified a new anode composition, a composite of Ceria and 

LaCrO3 with a small amount of Ni added, that provided good performance.   SOFCs with the 

new anodes yielded good performance with both natural gas and propane fuels. 

4. Conclusions 

These results clearly indicate that it is possible to stably operate SOFCs with novel anodes on 

natural gas, and potentially on other practical fuels such as propane.  However, the bulk-

electrolyte cell used in this study in order to facilitate quick feedback on anode development, are 

not practical because they have limited power densities.  Power densities of ≈ 0.5 W/cm2 are 

expected to be competitive with other fuel cells, whereas the present cells produced ≈ 0.15 

W/cm2. 

5. Recommendations 

 A critical next step in the development of these anodes is to incorporate them into thin-

electrolyte SOFCs.  This is required for practical devices in order to eliminate the substantial 

losses in thick-electrolyte SOFCs.  Thus, it is suggested that the new anodes should be used in 

anode-supported SOFCs.  In this case, the thin electrolyte is supported on a bulk anode, 

providing an optimal geometry to minimize ohmic losses in both the anode and the electrolyte.  

Furthermore, this is rapidly becoming an industry standard configuration, and the ability to use 



 
 

this configuration will facilitate the incorporation of these new anodes into the schemes of a 

number of key SOFC developers. 

6. Public Benefits to California 

 SOFC electrical generators will provide an alternative to building expensive new large-

scale power plants and expanding transmission capacity, leading to savings to rate payers.  

Furthermore, the smaller fuel-cell generators can be added with relatively short lead time, 

providing a highly flexible and cost-effective method for responding to increased electricity 

demand.  The fuel-cell generators can be connected into the grid, and the resulting distributed 

network would provide considerable flexibility in meeting demand and avoiding large-scale 

power outages.  An additional benefit of localized generation is that the high-grade waste heat 

produced can be used on site, further increasing overall efficiency.  Improved efficiency has 

important ramifications for reducing the greenhouse effect since less CO2 is produced for a given 

amount of energy produced.  Along these same lines, the operation on CH4 fuel also minimizes 

CO2 production. 



 
 

Introduction 
 
 It is expected that demand for electricity will continue to increase in California and other 

areas of the US.  In addition, it will be necessary to add new lower-pollution power plants to 

replace older plants.  New large-scale power plants are a useful option in many cases, but they 

have very large capital costs.  Also, because of their large size and long construction times, they 

must account for expected future increases in demand.  New large-scale plants will also require 

expansion of transmission capacity.  Another approach is to distribute a number of smaller power 

plants.  The smaller plants can be brought up to speed more quickly, and provide a much more 

flexible response to changes in demand.  However, smaller scale turbine-based plants are much 

less efficient than large-scale power plants.  Furthermore, the siting of distributed turbine-based 

plants may be problematic because of the associated emissions and noise.  A more efficient, 

unobtrusive power generation method is needed for effectively implementing distributed 

generation.   

 One potential solution to this need is the fuel cell.  Fuel cells generally provide the lowest 

emissions of any non-renewable power generation method, and can yield extremely high energy 

efficiency even for small size plants.  These factors, combined with the low noise and ability to 

utilize readily-available natural gas, allow fuel cell generators to be sited practically anywhere.  

The availability of such generators would yield savings to rate payers, compared to the 

alternative of building large-scale power plants and enhancing transmission networks.  The fuel-

cell generators would be connected into the grid, and the resulting distributed network would 

provide considerable flexibility in meeting demand and avoiding large-scale power outages.  An 

additional advantage of localized generation is that the high-grade waste heat produced can be 

used on site, further increasing overall efficiency.  Improved efficiency has important 



 
 

ramifications for reducing the greenhouse effect since less CO2 is produced for a given amount 

of energy produced.  Along these same lines, the operation on CH4 fuel also minimizes CO2 

production compared to higher hydrocarbons.  The advantages of distributed generation and fuel 

cells have been well cited in the past (see EPRI report TR-100686 “Carbonate Fuel Cells as 

Distributed Generation Resources” (1992), EPRI report BR-101254 “Distributed Generation:  

Meeting the Urban Challenge” (1992), and the America Public Power Association “Notice of 

Market Opportunity” (1988). 

 A disadvantage of fuel cells has been that they generally operate only on hydrogen, 

which is currently neither readily available nor easily stored.  Until recently, it has not been 

thought possible to operate fuel cells directly on hydrocarbons.  Rather, fuel cell power plants 

employ fuel “reformers,” which convert fuels into hydrogen that the fuel cell can use.  While 

reformers are useful for large-scale power plants (e.g. > 1 MW), the additional cost and 

complication is prohibitive for smaller scale plants.   

 We recently demonstrated that novel low-temperature (≈600oC) solid-oxide fuel cells 

(SOFCs) can operate by direct oxidation of methane, without carbon deposition. 1  Remarkably, 

power densities with methane are quite high, e.g. 0.37 W/cm2 at 650oC, only ≈ 20% less than for 

the same cells operated on hydrogen.  These results are unique since prior SOFC studies with dry 

methane, typically at temperatures >800oC, showed that reforming and carbon deposition 

reactions dominated, and power densities were low. Carbon deposition was apparently 

suppressed at lower SOFC operating temperatures. However, attempts to operate with higher 

hydrocarbons, e.g. ethane and propane, showed that these fuels more readily produced carbon 

deposition.  Natural gas, the likely fuel source for distributed fuel cell generators, contains not 

only methane but several percent of higher hydrocarbons and small amounts of sulfur 



 
 

compounds.  Thus, further work is required to determine if these novel fuel cells can be used for 

Environmentally Preferred Advanced Generation using natural gas.  

 This project has demonstrated the feasibility of a new type of anode that allows 

successful SOFC operation on natural gas.  However, there are a number of steps required for 

this technology to reach the market.  In particular, more R&D work is required to improve upon 

the initially developed composition.  Then it would be important to incorporate the anodes into 

the new low-T SOFC configurations tha t are currently being developed by a number of major 

corporations, such that they can utilize this new technology.  We believe that the novel anodes 

developed in this program can be incorporated into these cells, providing a rapid path to 

commercialization of this technology.  A considerable amount of long-term testing would then 

be required to ensure stable operation.  At this point, a serious commercialization effort would be 

merited. 



 
 

Project Objectives  

Project objectives were to: 

• Verify the feasibility of operating solid-oxide fuel cells (SOFCs) directly on natural gas 

• Determine conditions where carbon deposits on the fuel cell anode were determined using 

de-sulfurized natural gas.   

• Test SOFC performance on higher-hydrocarbon components of natural gas. 

• Determine the anode composition most appropriate for use with natural gas, with the 

candidates being Ceria-based anodes with reduced Ni content, and Ru-Ceria anodes. 

• Characterize anode reactions using scanning electron microscopy to detect carbon 

deposition, impedance spectroscopy with an electrochemical interface, and SOFC 

current-voltage measurements.   

• Develop anode compositions and structures that provide fast electrochemical oxidation, 

and hence high power densities, without carbon deposition.   



 
 

Project Approach 
 
 The aim of the proposed project was to prepare and characterize SOFC anodes expected 

to be effective for oxidizing natural gas without carbon deposition, and to test their performance. 

Correlations of anode composition and structure with the rates of C deposition and 

electrochemical oxidation were made, and the results used to help understand reaction 

mechanisms. The tests were carried out with a typical natural gas (note that natural gases vary in 

composition), as well as methane and propane.  The fuels were typically humidified  with 3% 

water.  

A. Anode Material Synthesis and SOFC Fabrication  

 The anodes were cermets containing the metals Ni and Ru combined with Gd-doped 

Ceria (GDC).  Ceria, Ni, and Ru are chosen for their well-known activities for hydrocarbon 

oxidation.  The anodes were deposited from slurries using colloidal deposition, sintering, and 

reduction in wet hydrogen. Electrochemically active layer thicknesses were typically 10 – 50 

µm.  In order to provide sufficient current carrying capability, a standard Ag or Pt ink current 

collector was deposited on top of the anode active layer.   

 The anodes were tested in SOFCs with bulk (0.5 mm thick) GDC electrolytes.  Bulk 

electrolyte cells are a simple expedient for rapidly screening new anode materials, but even with 

the relatively high ionic conductivity of GDC, there is a substantial electrolyte ohmic loss at low 

temperatures.  Dense 15-mm-diameter pellets were produced by pressing GDC powder 

(NexTech) and sintering at 1500°C for 6 hrs.   

 Commercial NiO and RuO2 powders were used with the GDC powder to prepare the 

anodes.  Anodes were prepared by weighing and mixing the powders, mixing with water and 



 
 

polyvinyl alcohol, grinding, and then painting on one side of the GDC electrolyte pellet.  Anodes 

containing (La,Sr)(Cr,Mn)O3 (LSCM) were prepared using similar processing conditions.  The 

LSCM powder was synthesized by the solid state reaction method. La2O3 (99.99%), SrCO3 

(99%), Cr2O3 (99%), and MnO2 (99.9%) powders were weighed and mixed with water prior to 

ball milling for 24 hrs. After drying and grinding, the LSCM powder was calcined at 1500oC. All 

anodes were sintered at 1100oC for 3h. 

 To complete SOFCs, cathodes consisting of 50wt% of La0.6Sr0.4Co0.2Fe0.8O1-δ (LSCF) 

and 50wt% of GDC were applied to the other side of the electrolyte pellet.  The cathodes were 

sintered at 900C for 3 h.  These cathodes provide very low cathode polarization resistances even 

at relatively low temperatures.2,3 The anodes and cathodes were both about 30 µm thick and 

6mm by 6 mm in area.   

 For impedance spectroscopy measurements and characterization of C deposition from 

various gases, the anodes were deposited on both sides of YSZ substrates.   

B. Characterization 

 The anodes were characterized chemically using energy-dispersive x-ray analysis in an 

SEM, morphologically using a high-resolution field-emission SEM, structurally using x-ray 

diffraction, and electrically using van der Pauw measurements.   

 The initial measurements will be to expose the anodes to different fuel environments - i.e. 

wet and dry natural gas, methane, ethane, and propane - over a range of flow rates and 

temperatures.  Carbon deposition was detected visually in some cases, and scanning electron 

microscopy (SEM) with energy-dispersive x-ray analysis was used for a more sensitive and 

quantitative measurement.  This screening process was used to identify anodes for use in 

subsequent electrical testing described below. 



 
 

 Impedance spectroscopy measurements with an electrochemical interface were carried 

out to obtain an overall idea of the effectiveness of each anode.   

 Based on the above results, the best candidate anodes were incorporated into SOFCs.  

Single-cell SOFC tests were carried out over a range of temperatures from 500 to 800oC, and a 

range of cell voltages and current densities.  Long-term measurements tested for the stability of 

anode electrochemical reactions. Degradation of cell performance over time was observed in 

some cases and related to changes in anode structure and/or carbon deposition.   

 



 
 

Project Outcomes 
 
 Electrical resistivity measurements on Ni-Gd-doped Ceria (Ni-GDC) and Ru-GDC 

anodes with ≈ 50 vol% metal content have shown that they have the required conductivity.  

Initial structural evaluation using scanning electron microscopy has shown that the anodes have 

the desired porous structure, as shown in the image below (Fig. 1).  Images from slurry-coated 

anodes look similar.  Thus, both these methods provide a satisfactory anode structure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  A SEM micrograph showing the structure of a Ni-GDC anode deposited by ultrasonic 
spray. 
 
 Tests for carbon deposition were completed.  It was found that both the Ni-GDC and Ru-

GDC anodes were able to work in methane without substantial carbon deposition.  However, 

natural gas actually contains a few percent of higher hydrocarbons.  Tests were therefore carried 

out with one of the more abundant of these hydrocarbons, propane.  Here substantial carbon 

deposition was found on Ni-GDC, and somewhat less carbon deposition on Ru-GDC.   

 In order to avoid this carbon deposition, a third alternative anode material (that was not in 

the original statement of work) was tested.  In this anode, the metal is replaced by an 

15 vol%Ni-GDC anode 



 
 

electronically-conducting oxide (La,Sr)CrO3.  This supplies the required electrode conductivity, 

with the advantage that it does not promote carbon deposition like Ni and Ru.  Initial tests 

showed that these anodes did not have significant carbon deposited after testing in propane.  

Some of these anodes were also made with a small amount (5 wt%) of Ni added.  These also did 

not show significant carbon deposition. 

 Impedance spectroscopy and cell test measurements were carried out on these anodes.  

The Ni-GDC anodes yielded the best performance, with the (La,Sr)CrO3-GDC-Ni anodes a close 

second.  The Ru-GDC and (La,Sr)CrO3-GDC (without Ni) were found to be inferior due to their 

higher polarization resistance (this will translate into a lower power density in fuel cells made 

from this material).  Figure 2 shows an example of an impedance result for the (La,Sr)CrO3-

GDC-Ni anodes at different temperatures.  The real-axis intercept shows the ohmic component 

of the cell resistance, due primarily to the thick GDC electrolyte.  The size of the arc indicates 

the anode polarization resistance component of the cell.  The results show that at higher 

temperatures, the cell performance was limited primarily by the electrolyte.  At lower 

temperatures, the performance was limited primarily by the anode.  

 Based on the above, the final choice of the best anode material has been deferred until 

more cell testing can be carried out.  The Ni-GDC appears to be a strong contender at the 

moment, although it still needs to be tested in actual natural gas fuel containing impurities.  The 

(La,Sr)CrO3-GDC-Ni anodes also appear to be a good candidate, as they can clearly be used with 

the various hydrocarbons present in natural gas.  Thus, cell tests on natural gas will be made 

shortly to determine which of these is the optimal choice. 
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Figure 2.  Representative impedance spectra measured at different temperatures from a SOFC 
with (La,Sr)CrO3-GDC-Ni anode.  Note that the resistance was higher at 750oC due to an 
experimental artifact – the lead wire became partially disconnected at this temperature.  
 
 

 Overall, the results indicated that Ru provided similar electrochemical performance to Ni, 

slightly reduced coking, but at a much higher cost.  On the other hand, the anodes with reduced 

Ni content were most promising for reducing coking to a manageable level.  However, at very 

low Ni content, there is insufficient conductivity in the Ni-Ceria anode.  Thus, it was decided to 

attempt a new type of anode that was not included in the original proposed.  In these anodes, the 

Ni content was reduced to very low levels (5 wt% compared to 70% in conventional anodes) and 

an electronically conducting ceramic that is know to not promote coking, LaCrO3, was added.  

This combination of three different materials – electronically conducting ceramic, ionically 

conducting ceramic, and a metallic catalyst – has not been either suggested or utilized previously 

for SOFC electrodes.  Indeed, almost all prior work focused on single-phase metallic or two-

phase metal-oxide combinations, with the most common being Ni-YSZ.   



 
 

 The new anodes utilize La0.8Sr0.2Cr0.8Mn0.2O3-δ (LSCM) as the electronically-conducting 

oxide.  This oxide is used because it is an electronic conductor that is stable at high temperatures 

in a wide range of gas compositions.  Sr and Mn dopants are common additions to LaCrO3 that 

help match thermal expansion coefficient, increase the electronic conductivity, and improve the 

sinterability. 4  Note that other LaCrO3 dopants are possible and would likely also work for this 

application as long as they maintain good electronic conductivity.  LaSrCrO3 anodes have been 

studied previously for use as SOFC anodes with YSZ electrolytes,5 but have always provided 

large polarization resistances, and hence small power densities, because they are relatively poor 

catalysts for anode electrochemical reactions.  In the present new anodes, we have mixed the 

LSCM electronic conductor with the ionically-conducting oxide Ce0.9Gd0.1O1.95 (GDC).  This 

improves the adhesion on GDC electrolytes and improves the electrochemical performance by 

increasing the density of triple-phase boundaries.  Ceria is also well known to promote 

hydrocarbon oxidation. 6  A small amount (5wt%) of nanometer-scale Ni was added in some 

cases.  This illustrates a key advantage of the new type of anode – since the metal acts only as 

the catalyst and is not required for current collection or structural support, its composition and 

amount can be varied in order to optimize electro-catalytic properties and minimize carbon 

deposition.   

 The cell testing phase was begun with both conventional Ni-GDC and the new 

(La,Sr)CrO3-Ni-GDC anodes retained as candidates.  After an initial assessment (results 

comparing the two anodes are shown below), a decision was made to concentrate on the latter 

anodes.  These anodes show the most promise as their performance is comparable to the more 

conventional Ni-GDC anodes, and the risk of anode failure due to coking is minimized.  

Furthermore, as discussed below, the anodes can be repeatedly exposed to air without 



 
 

degradation – this is important in case a break in fuel cell plant operation produces conditions for 

coking, since the carbon can then be removed by exposure to air.  Furthermore, it will be 

desirable to cycle small power plants on and off, and exposure of the hot anode to air is likely as 

the power plant is shut down. 

A. Comparison of LSCM-GDC-Ni and Ni-GDC anodes 
 

 SOFCs were prepared with Ni-GDC and LSCM-GDC-Ni anodes.  The SOFCs were 

tested with air and a few representative fuels:  H2 (typically used in fuel cells), CH4 (the most 

common gaseous fuel) and C3H8 (a common liquid fuel with very high energy density).  Figure 3 

illustrates typical SOFC current-voltage results taken for cells with LSCM-GDC-Ni and Ni-GDC 

anodes at 750oC for hydrogen.  The performance of the cells with the LSCM-GDC-Ni anodes 

was similar to the more typical Ni-GDC anodes.  In fact, the maximum power density was only a 

few % less.   
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Figure 3.  Performance comparison of identical SOFCs with LSCM-GDC-Ni and Ni-GDC 
anodes in air and H2 at 750°C.   



 
 

 
 Impedance spectroscopy measurements were also carried out during the cell tests, in 

order to separate the cell resistances arising from the electrolyte and electrodes.  The electrolyte 

ohmic resistance measured at 750oC was 0.49 Ωcm2.  This value is in good agreement with the 

electrolyte ohmic loss expected for 0.5 mm thick GDC.  Note that this same value applies for all 

of the 750oC results shown below, as the electrolyte composition and thickness was the same in 

all cases.  For the LSCM-GDC-Ni anode cell shown in Fig. 3, the anode plus cathode 

polarization resistance was 0.44 Ωcm2, or 47% of the cell resistance.    

 Figure 4 shows the results for these same cells operated with propane as the fuel.  Unlike 

Fig. 3, the power density with the LSCM-GDC-Ni anodes is actually larger than for Ni-GDC.  

Furthermore, there was no carbon deposition detected on the ceramic anodes when the cells were 

operated for several hours at the maximum power point or higher currents.  Figure 5a shows a 

typical SEM/EDX result indicating no detectable carbon.  The same cells maintained at open-

circuit condition in propane for > 3 hrs showed no visual evidence of carbon deposition, but 

SEM/EDX revealed a small amount of C (Fig. 5b).  It should be noted that LSCM-GDC anodes 

showed nearly identical SEM/EDX results, indicating that the 5% Ni in the anodes had little 

influence on carbon deposition.  On the other hand, the Ni-GDC anodes showed heavy carbon 

deposition (gram quantities) after running the cells on propane, even with the cells maintained at 

short circuit condition.  These results indicate that ceramic-based anodes with ≈ 5 wt% Ni work 

quite well with heavy hydrocarbon fuels, under conditions where conventional SOFC anodes 

containing much larger amounts of Ni, i.e. ≈ 50 wt%, provide lower power and fail rapidly. 
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Figure 4.  Performance of SOFCs with LSCM-GDC-Ni and Ni-GDC anodes operated in air and 
C3H8 at 750°C.   

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  SEM/EDX scans of LSCM-GDC-Ni anodes after cell testing in humidified propane 

for 200 mins at 750oC under (a) short circuit conditions and (b) open circuit conditions.  
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B. Effect of Ni in LSCM-GDC anodes 

 Figure 6a shows the SOFC characteristics for the LSCM-GDC-Ni anode with the 

methane as the fuel, compared to hydrogen.  The performance with methane was not as good as 

with hydrogen, with an ≈ 20% lower power density.  This is similar to prior reports on SOFCs 

with Ni-YSZ-Ceria anodes operated on both hydrogen and methane.  Figure 6b shows the cell 

test results obtained when LSCM-GDC (no Ni) was used as the anode with methane as the fuel.  

In addition to providing a lower current density, the open circuit potential (OCP) was 

substantially less.  As a result, the maximum power density was substantially reduced, from 125 

to 50 mW/cm2.  Additional results comparing anodes with and without Ni tested with propane 

are shown in Figure 7.  For both temperatures tested, the cells performed much better for the 

anodes with Ni, providing both higher OCPs and higher current densities.  
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Figure 6a.  The characteristics of the fuel cell LSCM-Ni-GDC/GDC/LSCF-GDC in CH4 
compared with H2.  
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Figure 6b.  The performance of a LSCM-GDC(without Ni)/GDC/LSCF-GDC fuel cell in CH4 at 

750°C. 
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Figure 7. Performance of SOFCs with Ni-free and Ni-containing anodes in air and propane.   

 

 The above results show the importance of adding a small amount of metal catalyst for 

obtaining good anode electrochemical performance.  This also agrees with prior reports where it 

was shown that both LaCrO3 and GDC were relatively poor anode electro-catalysts by 

themselves.5,7 



 
 

C. Effect of reduction-oxidation cycling 

 Another important aspect of the new ceramic-based anodes is that they are relatively 

stable over a range of fuel-gas compositions.  It is well known that repeatedly cycling Ni-YSZ 

anodes between oxidizing and reducing atmospheres has a deleterious effect on their 

performance, presumably because of the substantial volume change upon oxidation of Ni. 8  This 

is probably because Ni, with a content of ≈ 50 %, is a primary structural component; thus, the 

large volume changes upon oxidation and reduction may damage the structure.  Because of the 

interest in their stability, the performance of ceramic-based anodes after reduction-oxidation 

(redox) cycling was investigated.  Figure 8 shows the performance on hydrogen over a range of 

temperatures for an anode that had been redox cycled four times between air and H2 (with 

3%H2O), for 30 mins in each exposure, at 750oC.  For comparison, the performance of an 

identical cell prior to redox cycling is shown in Fig. 9.  The performance is actually slightly 

improved after cycling.  Figure 10 shows a comparison of the performance on propane at 750oC 

before and after the same redox cycling procedure.  As can be seen, the performance is, if 

anything, increased after cycling. The improvements shown in Figs. 8-10 may be artifacts, not 

due to the redox cycling but rather due to slight cell- to-cell variations.   

 The present anodes may be more stable than Ni-YSZ anodes because the predominant 

LSCM and GDC phases exhibit only minor volume changes upon reduction and oxidation.  

While the Ni in these anodes will oxidize and reduce, the amount of Ni is quite small such that 

little effect on the anode structure is expected. 
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Figure 8.  Performance a SOFC with a LSCM-GDC-Ni anode after redox cycling between air 

and H2 
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Figure 9. Performance a SOFC with a LSCM-GDC-Ni anode that had not been exposed to redox 

cycling. 
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Figure 10.  Performance of the redoxed fuel cell in propane at 750°C compared with the non-
redoxed fuel cell. 
 

 Note that in all of the cell performance results in this report, the open-circuit potential is 

rather low, 0.7-0.85V.  For the current test conditions in hydrogen, an OCP of 1.1V is expected 

theoretically.  For methane and propane, the OCP is not well defined.  Prior work with methane 

has shown OCP values of ≈ 1 V.  However, there are no prior reports of OCP values for propane.  

The present low OCP values result because of the electronic conductivity in the GDC electrolyte 

at this temperature.  While this reduces cell efficiency, it is essentially an artifact of the present 

tests.  In practice, these anodes would be used in SOFCs with thin GDC or YSZ electrolytes.  For 

thin GDC electrolytes, lower operating temperatures should be achieved where the electronic 

conductivity is substantially decreased.  For thin YSZ electrolytes, good OCP values are 

obtained.   

 The only other example of SOFCs that can operate with a wide range of fuels without 

carbon deposition while providing reasonable power densities, are recent reports by the Univ. of 

Pennsylvania group.  In these studies, novel Cu-GDC anodes were used.  The power densities 

obtained with the present cells were similar to those obtained with the Cu-based anodes under 

similar operating conditions.  Each of these anodes may have different advantages and 

disadvantages.  Cu has the advantage of providing quite high conductivity, much higher than 

LSCM, which is advantageous for current collection.  On the other hand, the melting points of 



 
 

Cu and Cu2O are relatively low, limiting processing temperature to unusually low values, and 

raising questions about the long-term stability of the anodes.  The present ceramic-based anodes 

are readily processed at typical SOFC processing temperatures, and are likely stable for long 

times.  Like Ni-YSZ anodes, Cu-GDC anodes may be susceptible to degradation upon redox 

cycling because of volume changes; as shown above, the present ceramic anodes appear to be 

unaffected by cycling. 

 Primddahl et al5. considered doped LaCrO3 anode materials for SOFCs with a yttria-

stablized zirconia (YSZ) electrolyte.  These anodes yielded relatively high anode polarization 

resistance at 850°C operated with hydrogen, 2 – 5 Ω cm2, and the resistance increased gradually 

with time.  The addition of a small amount of Ni yielded a substantial reduction in polarization 

resistance from 5 to 2 Ω cm2.  The present results show a marked improvement over prior 

reports, even at a substantially lower temperature (750 versus 850oC), with a polarization 

resistance of < 0.5 Ω cm2 (see Fig. 3).  The present anodes also gave quite good performance 

with methane and propane fuels.  In contrast, with methane fuel, LaCrO3-based anodes showed 

relatively poor catalytic activity for electrochemical oxidation and reforming reactions5, along 

with high polarization resistances.4 We believe that the present good results are not due to the 

specific chromate composition used, but rather to the combination of electronically and ionically 

conducting materials with a catalyst.   

 Studies of Ceria anode performance have also shown promising results, indicating 

electrochemical methane oxidation without C deposition at 8009 and 900oC,10 but yielding quite 

low SOFC power densities.9  However, a recent report has shown poor activity for 

electrochemical oxidation of methane for ceria when combined with a relatively inert metal 

current collector, i.e. Au.  In other studies where a more catalytically active current collector, e.g. 

Pt, was used, much better performance was achieved with methane at 800-1015 °C.11   This again 

supports our contention that it is necessary to combine an ionically-conducting material such as 

ceria with a catalyst and current collector to make an effective hydrocarbon anode. 

Conclusions  
 



 
 

• We have characterized anode reactions using scanning electron microscopy to detect 

carbon deposition, impedance spectroscopy with an electrochemical interface, and SOFC 

current-voltage measurements.   

• This project has verified the feasibility of operating solid-oxide fuel cells (SOFCs) directly 

on natural gas.   

• We have determined conditions where the fuel cell can be operated using de-sulfurized 

natural gas without carbon deposits on the anode.   

• We also tested SOFC performance on higher-hydrocarbon components of natural gas, 

and it has shown that the cells can be operated with other fuels such as propane. 

• After testing Ni-Ceria and Ru-Ceria anodes, it was determined that anodes with very low 

Ni content, using a ceramic conductor to provide anode conductivity, yielded good 

performance.  That is, they provided fast electrochemical oxidation, and hence high power 

densities, without carbon deposition.   

 It should also be noted that this general anode approach provides great flexibility for 

improving performance, since the relative amounts and the chemical nature of each of the three 

phases can be altered to match a specific fuel or operating condition.  A major additional 

advantage of the new anodes is that they can be cyclically reduced and oxidized without 

degrading performance.  This redox cycling is expected to occur regularly on periodic shutdown 

of small generators when the fuel flow is stopped.  Thus, the present SOFC anodes may help to 

make possible new applications of SOFCs that rely on the direct use of high energy density 

hydrocarbon fuels and feature frequent on-off cycling, such as portable power, auxiliary power 

units used in transportation, and distributed generation.  While our early stability tests of these 

anodes are promising, longer-term tests are needed.   



 
 

 Finally, the effects of sulfur-containing compounds on these anodes are as yet unknown.  

We suggest that the effect of sulfur on these anodes will probably be similar to that observed for 

conventional Ni-YSZ anodes, since Ni still plays a key role.  However, experimental are clearly 

required to test this. 

 



 
 

Recommendations 
 
 In order to advance this technology towards commercialization, we believe that a few key 

steps need to be taken.  First, there needs to be a fairly sizable R&D effort carried out to improve 

and optimize the structure and composition of the new anodes for use with natural gas.  The 

effects of sulfur-containing compounds should be assessed, in order to determine whether a 

sulfur cleanup step will be required for the SOFC generators.  At the same time, the long-term 

behavior of SOFCs incorporating these anodes should be investigated.  The anode development 

work should include as one of the criteria that the anodes achieve stable long-term performance.  

In addition, the long-term test should include frequent cycling of operating conditions, including 

exposure to air, as expected in the real operation of small SOFC generators.  Finally, the anodes 

should be used as the support element of thin-electrolyte SOFCs; this will not only provide the 

best overall performance, but it matches the SOFC configuration being commercially developed.  

If these anodes can be incorporated into this existing scheme, this will maximize the commercial 

prospects for this new anode technology. 



 
 

Public Benefits to California 

The only benefits that California has already received from this contract are its rights to the 

SOFC anode invention disclosed based on this project.  The benefits to California of the 

widespread use of SOFC technology would be a cleaner, more efficient electrical energy 

generation network.  Because of the ability to site SOFC generators essentially anywhere, and 

the fact that they can be any size, it will be possible to produce a highly robust, flexible, and 

adaptable distributed generation system that will serve California ratepayers well. 



 
 

Development Stage Assessment 

 The table below describes the situation where the strategy is to insert our new anode 

technology into the SOFC design of an existing developer.  Thus, marketing, strategic, and 

production readiness represent the stage at which these developers are currently.  On the other 

hand, the legal/contractual, risk assessment/quality plans, and public benefits/costs are at a very 

early stage since there are no agreements with current developers to utilize our technology.  The 

engineering/technical portion represented by the completed project indicates that the research 

stage is partially completed.  Indeed, we believe that further research is needed before this 

technology is sufficiently developed to appeal to these developers. 

 

Development Assessment Matrix 
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